This article describes an ammonia-responsive hydrogel based on acrylic acid (AAc) and 2-(dimethylamino)ethyl methacrylate (DMAEMA). The influence of the hydrogel composition on swelling behavior in the alkaline range was shown. Furthermore, the hydrogel swelling in ammonia solutions was tested and a detection limit in the range of 1 mmol/L ammonia in dependence of the buffer solution was determined.
Introduction
Ammonia (NH3) is one of the most important inorganic compounds in chemical engineering. In 2011, 140 megatons of ammonia were produced worldwide based on the Haber-Bosch process [1] . Ammonia is one of the key compounds for the production of fertilizers, pharmaceuticals, dyes or disintegrates [2] . However, too high ammonia concentrations could be a serious health threat [3] . Therefore, it is necessary to monitor ammonia as part of ambient conditions in environmental analytics [4] or to measure the atmospheric pollution from automobiles [5] . Furthermore, ammonia could be an indicator for medical diseases like stomach ulcers due to bacterial infections [6] or a disturbed urea balance due to a kidney disorder [7] . According to the German Drinking Water Regulations from 2001, the limit value of dissolved ammonium ions in drinking water is 0.5 mg/L [8] . Depending on the application, it is necessary to detect ammonia in different concentration ranges [3] .
In aqueous solution, ammonia reacts as a base (pKB = 4.75) to ammonium and hydroxide ions according to the following reaction equation [9] :
The result is a change in pH value, which can be detected via pH-responsive hydrogels. Hydrogels are three-dimensional polymer networks, which can absorb a huge amount of water. Due to the chemical modification by using different monomers, these gels have various swelling properties depending on different stimuli like salt concentrations, temperature or pH [10] . In this work, we present a pH-sensitive hydrogel based on acrylic acid (AAc) and 2-(dimethylamino)ethyl methacrylate (DMAEMA), which can be used for the detection of ammonia. These gels can be combined with piezoresistive pressure sensors, which can transform the swelling pressure into a measurable output voltage [11] . For example, hydrogel-based piezoresistive sensors have been used so far for the detection of the pH value [12] , temperature [13] , biomolecules like glucose [14] or organic solvents like ethanol [15] .
Materials and Methods

Synthesis of pH-Sensitive Poly Acrylic Acid-co-Dimethylaminoethyl Methacrylate Hydrogels
For the detection of ammonia, a pH-sensitive hydrogel based on acrylic acid (AAc) and dimethylaminoethyl methacrylate (DMAEMA) was synthesized. Thereby, hydrogel with different contents of AAc (x mol %, Sigma Aldrich, St. Louis, MO, USA) and DMAEMA (100-x mol %, Sigma Aldrich, St. Louis, MO, USA) were combined with 1 mol % of the crosslinker bisacrylamide (Carl Roth, Karlsruhe, Germany). In all cases, the total concentration of AAc and DMAEMA was 1.6 mol/L [16] . After degassing the pregel solution with nitrogen for 5 min, the polymerization was initiated with 1 mol % ammonium peroxodisulfate (Sigma Aldrich, St. Louis, MO, USA) and 1 mol % N,N,N′,N′-tetramethylethylenediamine (Carl Roth, Karlsruhe, Germany). The total volume of a synthesis approach was 600 µL. The pregel solution was filled in a vial shell (1 mL, VWR, Radnor, PA, USA) and polymerized overnight in an oven at 35 °C. After polymerization, vial shells were carefully smashed without damaging the hydrogel. One tablet of a phosphate-buffered saline (PBS, pH 7.4, I = 0.15 mol/L, Sigma Aldrich, St. Louis, MO, USA) was dissolved in 200 mL distilled water. The gels were cut in small pieces with a thickness of about 5 mm and were washed in PBS buffer, pH 7.4, for 3 days to remove unreacted monomers.
Swelling Studies at Different pH Values
After washing, the gels were conditioned fivefold in PBS solutions (pH 7.4  pH 10). The pH values were adjusted by a sodium hydroxide solution (0.1 mol/L) using a pH meter. Subsequently, the gels were washed in PBS buffer, pH 7.4, and the initial mass of the hydrogel m0 was measured. After incubating in a PBS buffer with a defined pH value for overall 24 h, whereby the buffer changed five times every 1-2 h to wash the gel, the hydrogel mass m after swelling and the pH value of the solution were detected. In the following measurements, the gels were incubated in a new PBS buffer with another pH values. The swelling degree S was calculated with the following formula:
(1)
Swelling Studies at Different Ammonia Concentrations
Swelling studies were performed in PBS buffer and in an isotonic saline solution (NaCl, 9 g/L, I = 0.15 mol/L). After washing and conditioning, the initial mass of the hydrogel m0 and the pH value were measured in PBS or NaCl solution without NH3. Ammonium hydroxide (~1 mol/L ammonia in water, Sigma Aldrich, St. Louis, MO, USA) was used to prepare a 1 mol/L ammonia stock solution in PBS and NaCl buffer. A solution with a defined NH3 concentration was prepared with the stock solution and the gels were incubated for 24 h. After determination of the hydrogel mass m, the pH value and the swelling degree S (1), the hydrogels were placed in a solution with another ammonia concentration for 24 h.
Results and Discussion
The swelling degree of poly(AAc-co-DMAEMA) hydrogels in dependence on the pH value for different monomer contents is shown in Figure 1a .
Hydrogels having compositions of 50-70 mol % AAc and 30-50 mol % DMAEMA were successfully synthesized. For hydrogels with more than 70 mol % AAc, no complete polymerization was observed under the described conditions. Furthermore, hydrogels with more than 50 mol % DMAEMA could not be utilized under mechanical stress.
Hydrogels based on polyAAc swell under basic conditions because of the deprotonation of the carboxyl group and, thus, an increase of the electrostatic repulsion of the carboxylate anions in the gel [17] . In literature, the pKA value of polyAAc was determined from 5.35 to 7.2 [18] . As a result, the deprotonation should be in a more acidic range. Through the basic monomer DMAEMA (pkB = 7.8 [10] ), the operation range of the gel was shifted towards a more alkaline range [16] .
The higher the content of DMAEMA is, the higher becomes the swelling degree of the hydrogels. However, the polymer system with the highest swelling degree shows a non-linear swelling behavior. Hydrogels with 60 mol % AAc and 40 mol % DMAEMA were used in the following experiments because these gels have a linear swelling behavior over a large pH range and show a high sensitivity.
(a) (b) Figure 1 . Results of the swelling studies: (a) Swelling degree of poly (AAc-co-DMAEMA) hydrogels versus pH value for different monomer contents in PBS buffer; (b) Swelling behavior of poly(AAc-co-DMAEMA) (60% AAc, 40% DMAEMA) hydrogels and resulting pH value for different ammonia concentrations in PBS buffer and isotonic saline solutions (NaCl). Figure 1b shows the swelling of poly(AAc-co-DMAEMA) hydrogels at different ammonia concentrations in PBS buffer and in an isotonic saline solution. With increasing the ammonia concentration, the pH value of the solution increases significantly. This results in a swelling of the pH-sensitive hydrogel. Even small concentrations can be detected via swelling of the hydrogel. It was possible to detect small changes in pH value via hydrogel swelling. With this polymer system, it was also possible to detect small concentrations of ammonia. Furthermore, a difference in the detection limit between PBS solution and isotonic saline solution could be observed. PBS buffer should keep the pH value in the physiological range as constant as possible. Through the phosphate buffer, small changes in pH value can be compensated in solution. With changing the ammonia concentration from 0 mmol/L to 1 mmol/L NH3, the pH value increased only from pH 7.59 to pH 7.79 (∆pH = 0.20) in PBS buffer. However, in an isotonic saline solution, the pH value increased from pH 7.23 to pH 8.31 (∆pH = 1.08). As a result, a significant swelling of the hydrogels could be detected only in sodium chloride solution. The corresponding detection limit amounts to ca. 1 mmol/L NH3. In PBS buffer, a substantial swelling of the hydrogels was observed of concentrations of more than 2 mmol/L NH3. At higher ammonia concentrations, no relevant difference between the buffer solutions could be seen.
Conclusions
Based on poly(AAc-co-DMAEMA) hydrogels, it was possible to detect ammonia in solutions within the low millimolar range. The detection limit depends on the used buffer solution and could be less than 1 mmol/L NH3. This hydrogel system can be used especially for the detection of low concentrations of ammonia between 1 mmol/L and 20 mmol/L, which is of particular interest for applications in environmental or biomedical analysis.
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